The principles and the establishment of the Danish groundwater monitoring network (67 areas) are outlined. The operation and the protocol of the sampling system are described as is the storage of data in decentralized and centralized systems. The Nyborg monitoring area is used as an example with main limestone and secondary sand aquifers. The first three years' results are evaluated, including an evaluation of the technical function and chemical analyses (inorganics, trace elements and organic micropollutants).
INTRODUCTION
The discovery and exploitation of water resources have been of primary concern in Denmark for many years. During the last decade, however, due to agricultural and industrial pollution, interest has shifted to the quality of groundwater. Of the drinking water supply in Denmark, 98% originates from groundwater. Drinking water quality has been ensured for many years by a minimal chemical purification procedure. Pollution from diffuse and point sources, however, has increased in recent years and a demand to monitor groundwater quality has arisen.
The Danish Parliament proposed action concerning the pollution of the Danish aquatic environment by nutrients on 31 January 1987, and an action plan for the aquatic environment was published on 30 April 1987. As part of this plan, it was proposed to establish a groundwater monitoring network "to monitor the changes of the nutrient load in the groundwater and to monitor the Open for discussion until 1 August 1994 quality and quantity of the groundwater resources... " (Christensen & Korkman, 1988) .
The National Agency of Environmental Protection (MS), the Geological Survey of Denmark (DGU), 14 counties and two councils jointly selected 67 groundwater monitoring areas (GRUMOs) throughout the whole country (Fig. 1 ). The quality of the groundwater in each area has both local and national significance. Nineteen GRUMOs were established by DGU, 47 GRUMOs by the 14 counties and one by two of the councils. Each county has three to six monitoring areas. The GRUMOs were established during the period [1987] [1988] [1989] [1990] . The first three years of the analysis programme ended in 1991 (Andersen, 1990; Stockmarr, 1990) .
This paper introduces the principles of the establishment and operation of the monitoring network in Denmark. One representative GRUMO is used as an example. The evaluation of the first three years' results is discussed. Denmark (after Nygaard, 1991) ; Nyborg area is shown with a star.
Fig. 1 Location map of the 67 groundwater monitoring areas in

HYDROGEOLOGICAL CONDITIONS IN DENMARK
The groundwater monitoring areas were selected by groundwater divides and a range of different geological structures of aquifers was covered. The top aquifer in Denmark (with the exception of the island of Bornholm) consists of Quaternary deposits. These are underlain by Tertiary and Cretaceous sediments. Over 60% of the screens were placed in the Quaternary glacial meltwater sand aquifer, which is the main aquifer for water supply. The next most important aquifers are the Tertiary sand and the Tertiary and Cretaceous limestone. The distribution of the screens in different aquifer types is shown in Fig. 2 Nygaard, 1991) .
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Groundwater monitoring was usually established in the main aquifer, where the majority of the groundwater abstraction takes place. The secondary aquifers, where only local ground water abstraction takes place, were monitored because of the quality control of infiltration in the upper part of the saturated zone. The monitoring screens were usually placed in the main aquifers (67%) though sometimes in the secondary aquifers (33%).
There are 10 groups of main aquifer in the monitoring network, which are a combination of the following geological aquifer types: Cambrian quartzite (Island of Bornholm).
In groups (b), (c), (d), (e), (f) and (i) there is a hydraulic connection between the two formations. Depending on the geological situation, the aquifers can be confined or unconfined. Both aquifer types are represented in the monitoring network.
PRINCIPLES OF THE NATIONAL GROUNDWATER MONITORING NETWORK
The basic purpose of monitoring is to observe the development of nitrate in groundwater in agricultural areas. Natural chemical processes and contamination by micropollutants and organic pollutants in the groundwater are also being observed.
The monitoring principles were introduced by Andersen (1987) . The aim of the monitoring network was to follow the quality of the groundwater in Piezometrlc head Water table In parched aquifer Fig. 3 Monitoring strategy in the catchment area for groundwater monitoring (after Andersen, 1987; Andersen, 1991) . different parts of the hydrological cycle: from infiltration in the recharge area; in the upper part of the saturated zone; deeper in the aquifer; and in the discharge area (Fig. 3) .
Each groundwater monitoring area includes the catchment area of a waterworks or of a water supply well which has a high yield (100 000 m 3 h' 1 or higher). Water samples are collected from existing or new monitoring wells: from the central water supply well in the discharge area; from the middle and upper part of the aquifer in the recharge area; and from the secondary aquifer close to the groundwater divide. Andersen (1987) introduced three types of monitoring wells, referred to as volume, line and point monitoring wells. Volume monitoring is done in the aquifer, where the water supply takes place and where the whole flow system is under control. However, there is a long delay in the detection of any pollution. Line monitoring is done in the recharge and discharge area along flow lines. Several screens in the top of the aquifer and in the lower level make the monitoring more effective. Point monitoring is done near the groundwater divide, where infiltration is taking place and where the onset of pollution can be detected. Point monitoring screens were placed in the top of the saturated zone in secondary aquifers.
The design of volume, line and point monitoring wells was carried out according to the groundwater flow net. All three types of monitoring were established in each GRUMO. The number of the different types of wells in each area varied, depending on the topography and land use. Cooperation of farmers was also necessary.
The technical possibility of sampling the water and measuring water level were examined in each of the existing wells (Morthorst et al, 1989) . The degree of contamination was measured. New monitoring wells were established with one or more screens at different levels. Monitoring wells were created either by "dry drilling" or by the "hammering by compressed air" method. Criteria for monitoring wells were: having one or more short screens divided from each other by bentonite sealing; representativity of water quality; and limited variation in the natural water quality.
The cost of the analysis programme placed a limit on the number of screens. It was planned to establish 15 screens in each monitoring area, one screen at the waterworks and 14 in the catchment area. The monitoring network involved 622 wells and 1133 screens (January, 1992) . The wells were a combination of existing waterworks supply wells (25%), existing small private supply wells (5%) and newly established monitoring wells (70%). The depth distribution of the screens is shown in Fig. 4 . Most of the screens were between 0 and 20 m below the surface. There were only three counties where the predominant monitoring depth was between 20 and 40 m.
OPERATION OF THE NETWORK
The hydrochemical analysis programme consists of five analysis packages including both inorganic and organic substances ( Table 1 , National Agency of Environmental Protection, 1990) . At the start of the programme, the frequency of sample taking was determined for the first three year period. Samples for analysis for package 1 were collected four times a year. For packages 2, 3, 4 and 5, samples were collected once during the three year period. The frequency of sample taking was revised after the first three years, in 1992. Water samples were taken from the water supply wells for the whole screen. The water sample thus represents the quality of mixed water from a screen several metres long. In the monitoring wells, the screen is only 0.5 m long which results in a more representative sample of the quality of the water layer in the aquifer.
Two types of pump are predominantly used in the monitoring programme: (a) Montejus pump (pumping by compressed air, permanent) 62%; (b) submersible pump (permanent or mobile) 36%; and (c) other pumps (permanent) 2%.
The Montejus pump was first applied widely in Denmark in the monitoring programme (Fig. 5) . The monitoring wells were supplied mainly by a Montejus pump or a mobile submersible pump. The water supply wells were supplied mostly by a permanent submersible pump.
The yield of the monitoring wells varied, depending on the aquifer conditions, length of the screen, grouting of the screen, and type of pump. The monitoring wells with a short screen in the secondary aquifer gave a yield of only 6-12 1 h 1 . It was necessary to have a break between taking two samples. Water supply wells gave water continuously.
The quality of the water sample was not always satisfactory for chemical analysis. The samples contained suspended material from the formation or from the bentonite sealing. Increases in HC0 3 , S0 4 , Cl, Na and K, and decreases in Ca and Mg, were caused by the bentonite sealing in several zones of the monitoring wells. The bentonite sealing was used to separate several screens of different depths in the same well. Differences in the water quality caused by the dissolved bentonite in the water sample decreased after taking several samples.
The programme included measuring the groundwater table four times a year. However, it could not be measured in some of the monitoring wells. The main outlines of the sampling protocols were described by the National Agency of Environmental Protection (1990). However there are always developments in this field due to new experiences.
The most important sampling protocols for the inorganics areclear pumping before sample taking to avoid "annulus" water which is found m the pipe and pump system; avoiding mixing of water with air at sampling when using compressed air (Montejus pump); rinsing the sampling glass with the groundwater; and using laboratory screens to remove suspended formation material The most important protocols for the inorganic trace elements and organic micropollutants are: (a) pipe and pump installations should not contain dissolving substancesthe weather conditions should be good; minimal contact between water sample and air; avoiding local pollutants such as field spraying; using a special sample glass from the laboratory; rinsing the sampling glass with the groundwater; using on-line screening in the field: however some substances should be analysed without screening (Table 1) .
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DATA STORAGE AND DISTRIBUTION
The water samples were taken and analysed by experts in each county. The chemical results were sent from the counties to DGU in a digital form (Standat) in which each chemical parameter has a code number. DGU established a central data bank of groundwater analyses. The groundwater analysis data bank is part of the environmental data bank, which includes well information, water table information and information on the quality of drinking water. Computer programs to present and evaluate the data are being developed.
EXAMPLE OF A GROUNDWATER MONITORING AREA (NYBORG) Location and hydrogeological conditions
One of the representative GRUMOs is in the area of Nyborg situated in Funen county in a glacial landscape (Czakd, 1990; Nygaard, 1991 (after Nygaard, 1991) .
Fig. 6 Aquifers in Nyborg groundwater monitoring area (after Funen county, 1991).
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in the area is the Daniene (Tertiary) limestone (Fig. 6 ). It is a light Bryozoan limestone, which is part lime silt and part siliceous beds. It has high transmissivity, about 3 x 10 3 m 2 s" 1 . The surface of the Daniene limestone layer is very uneven. It is lowest in the northern part of the area, namely 25 m below sea level. In the southern part, at Lake Hjulby, it is about 5 to 15 m below sea level. The Daniene limestone extends over a wide area. The monitoring area chosen lies between Hjulby Bro well site and the groundwater divide, which is found at Avnslev in the WNW-ESE direction (Figs 7 and 8) .
In the northern part of the area (at Avnslev), the Daniene limestone is covered by Pal eocene marine sediments. The Pal eocene deposits are dominated by the Kerteminde Mergel formation and by Greensand limestone. The 
Fig. 8 Groundwater potential in Nyborg monitoring area (after Nygaard, 1991).
Paleocene Greensand limestone is an olive grey, hard, glauconite rich, chertfree limestone which has high transmissivity. The thickness of the Greensand limestone is not known, though in well no. 147.848 about 2 m were encountered. In the northern part of the area, the Greensand limestone probably has a hydraulic connection with the Bryozoan limestone.
In the southern part of the area, the Quaternary deposits lie directly on the Daniene limestone. The Quaternary deposits consist mainly of glacial till, glacial meltwater sand and gravel. In the Nyborg area, the Quaternary meltwater sand and gravel occur as a secondary aquifer. The main and secondary aquifers are divided by till. However, in the southern part of the area, the main aquifer is overlain by secondary aquifers. There is probably a hydraulic connection between the sand and limestone aquifers (Fig. 6) . The secondary aquifer is covered by till and postglacial clay. The sand and limestone aquifers have an artesian groundwater table. The delineation of the area was carried out with the aid of a map showing groundwater potential in the limestone and sand layers (Fig. 8) . The boundaries to the west, south and east follow the flow lines and the boundary to the north is the groundwater divide.
There are nine wells with 17 screens in the area (Fig. 7, Table 2 ). Fourteen screens are supplied with Montejus pumps which give representative water quality from a short screen interval and three screens by sample-taking taps which gives mixed water quality from a long screen interval. Nine screens were placed into the main Daniene limestone aquifer and eight screens into the secondary sand aquifer. 
Water balance
Precipitation in the area is 550 mm year" 1 and the estimated average évapo-transpiration is 380 mm year" 1 . The net precipitation is therefore about 170 mm year 1 (Kelstrupef a/., 1982). Natural discharge measurements are not available for the area. However, 2.4 x 10 6 m 3 year" 1 is pumped from the well site at Lake Hjulby and the wells which are situated north of the waterworks at Hjulby Bro have a yield of 1.4 x 10 6 m 3 year" 1 . Five pumping wells are situated north of Hjulby Bro. The northernmost was chosen as the main well of the monitoring area. This well has a pumping rate of 50 m 3 h" 1 and pumps all year round. There is no flow meter at each well but the duration of pumping is controlled. The well receives water from the Daniene limestone aquifer. Hjulby By Waterworks (Nyborg Municipal Works) has two wells which pump a total of 35 000 m 3 year"
1
. One of them gains water from the glacial meltwater sand aquifer and the other from the limestone aquifer. There are five private wells in the monitoring area. The total amount of pumped water in the monitoring area is about 1.45 x 10 6 m 3 year"
. A small stream, a side stream of the River Vindinge, runs to the west from the monitoring area but there is no flow measurement along this stream.
Land use
The size of the monitoring area is about 4 km 2 of which 87% is used for agriculture, 2% is forest and orchards, 6% is lake and meadow, and 5% is covered by villages and sparse farms. There is one registered dump along the sidestream of the River Vindinge, west of Hjulby, at the boundary of the monitoring area.
Groundwater chemistry
Inorganic parameters The groundwater in the area is of the calciumbicarbonate type (Czakcj, 1990 Greensand limestone) and the secondary sand aquifer have very distinct hydrochemistries (Figs 9 and 10 ). The water analysis shows that the content of HC0 3 , Mg, Na, K, Cl, NH 4 and F is higher in the limestone aquifer than in the sand aquifer. The content of Ca, Fe, Mn, S0 4 and P0 4 is lower in the limestone aquifer than in the sand aquifer. The total hardness is higher in the secondary aquifer than in the main aquifer.
Water samples from the limestone in wells 147.226 and 147.229 (Fig. 8 ) contain NaCl salt, which is probably due to mineral water penetrating up along fissures in the northern flank of the "Ringk0bing-Funen ridge". The water analysis of the main well at Hjulby Bro well site (147.229) shows that the Cl content swung between 100 and 200 mg H during the past 15 years. From 1974 to 1984 the Cl content decreased from 216 to 107 mg l 1 and from 1985 to 1989 the Cl content increased from 107 to 150 mg 1 ". Water samples from the glacial meltwater sand have low levels of Na and Cl.
The F content of the main aquifer is high (0.5-2 mg l" 1 ), which is characteristic of limestone aquifers in Denmark 1992) . The sulphate content is lower in the main aquifer, which is due to sulphate reduction. The total hardness is lower in the main aquifer. The nitrate content is below 3 mg I 1 in both the main and the secondary aquifers.
Tendency in development of inorganic hydrochemistry
The analyses of the first three years (1989) (1990) (1991) show that the water quality in general did not change over time (Funen County, 1992) . It was not possible to see an increasing or a decreasing tendency in any of the chemical parameters. However, there were variations over time due to fluctuations in the groundwater and due to uncertainties in the laboratory analysis procedure.
Inorganic trace elements and metals According to seven of the analyses there were no concentrations which exceed the permitted value (Funen County, 1992) .
Organic pollutants There were organic micropollutants in analyses from five wells in the area (NVOC maximum 1.7 mg l" 1 , AOX maximum 6.9 mg l" 1 ). Anionic detergent was below 4 fig l 1 (Funen County, 1992) .
Representativity of the monitoring area
The groundwater quality of the main aquifer coincides with the typical groundwater quality of the regional aquifer, i.e. calcium (magnesium)-bicarbonate type with medium and hard hardness (15-20° dH), with moderate reduction, without nitrate and with higher content of chloride (50-250 mg l" 1 ) (Funen county, 1992).
EVALUATION OF THE FIRST THREE YEARS' PROGRAMME Evaluation of the technical function
After establishing the monitoring network (1987) (1988) (1989) (1990) , and after the first part of the monitoring programme (1989) (1990) (1991) , an evaluation of the programme was carried out. The technical function depended on the location of the screen, on the sample-taking system and on the water sample quality. The monitoring wells (screens) and the water supply wells (screens) were evaluated as "qualified" and "less qualified" wells (screens). "Qualified" wells have a rate of 60-200 1 h" 1 , a short recharging time, airtight sample-taking pipe systems during air lifting, clear water and do not contain suspended material. The "less qualified" wells have a low rate (6 1 If 1 or less), a long recharge time (more than 15 min) and/or are of poor quality and contain suspended sediment particles from the formation.
According to this classification 82% of the wells are "qualified" and 18%
are "less qualified" in the monitoring network. "Less qualified" screens are found in the glacial till and in the glacial meltwater silt beds in which the pipe system is not airtight enough. A new type of Montejus pump, which is more airtight under pressure of compressed air than the old one, was introduced in all the wells in 1991.
Evaluation of the chemical analyses
According to the analysis programme for the first year, 92.5% of the screens are suitable for measuring the main inorganic substances in the water (package 1) and 85% of the screens can be used to analyse special chemical parameters, like inorganic trace elements and organic materials (packages 3, 4 and 5).
The first three-year period is too short to expect considerable changes in groundwater quality. Most of the inorganic substances do not show changes or trends in the analyses. The changing parameters are N0 3 and S0 4 which originate from agriculture and CI and Na from mineral water from the deeper layers.
There was a measured increase of HC0 3 , S0 4 , Cl, Na and K and a decrease of Ca and Mg due to bentonite sealing in several monitoring wells. The bentonite sealing was carried out between screens in the same well. These differences in the water quality, caused by the dissolved bentonite in the water sample, decreased after several sample takings.
It is too early to draw conclusions about the inorganic trace elements and organic pollutants because only one sample was taken for this purpose. Control samples were taken first in 1992 and will be interpreted in 1993.
Conclusions
(a) The principles of monitoring were realized in the network; (b) volume, line and point monitoring wells were installed in each monitoring area; (c) short screens which give water quality at a certain level were established in the new monitoring wells; (d) water samples were taken by permanent pump. The limited number of mobile pumps will be changed during the next three years of the programme; and (e) water quality problems created by bentonite sealing will be eliminated.
